Pronuclear DNA microinjection is the most convenient approach to produce transgenic animals (PNMI-Tg method). In general, the proportion of microinjected zygotes developing into transgenic offspring is <5% in rodents [1, 3] and <1% in large domestic species [13, 16] . Another approach to production of transgenic animals is intracytoplasmic sperm injection (ICSI)-mediated transgenesis (ICSI-Tg method), in which <7% of inseminated oocytes develop into transgenic mice [12, 14] and rats [5, 8] . Various factors, including the characteristics of exogenous DNA (component, chain length, preparation batch, and concentration of DNA), operator (experience of technician) and strain (genetic background), are known to influence the production efficiency of transgenic rodents [2, 3] . The present study was undertaken to compare the production efficiency of transgenic rats between the PNMI-Tg method and the ICSI-Tg method, using six DNA constructs and five rat strains under the equal contribution of three operators.
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Six different exogenous DNA (3.0-11.7 kb) were prepared as described previously [5, 8] and coded as A to F according to their size order. Exogenous DNAs with this size range have no adverse effect on the developmental potential of injected oocytes/embryos [7] . In brief, each linearized plasmid DNA was separated by 1.2% agarose gel electrophoresis, extracted from the gel using the QIAEX II (Qiagen Inc., Valencia, CA, USA), dissolved in 10 mM Tris-HCl (pH 7.6) / 0.1 mM EDTA, and stored at 4°C until use. Two strains of donor rats (Crlj:WI and BN/Crlj) were purchased from Charles River Japan, Inc. (Kanagawa, Japan) and three strains (Slc:SD, Slc:DLF1 and SDR/Slc) were from Japan SLC, Inc. (Shizuoka, Japan).
The PNMI-Tg method routine for production of trans--Note-genic rats was performed according to our previous report by Takahashi et al. [15] . Female rats at 8 to 12 weeks old were superovulated by i.p. injections of 20 IU eCG (Serotrophin ® ; Aska Pharmaceutical Co., Japan) and 10 IU hCG (Gonatrophin ® ; Aska Pharmaceutical Co., Japan) at an interval of 48 h, and mated with fertile male rats of the same strains. Pronuclear stage zygotes were collected from the oviductal ampullae 30 h after the hCG injection using modified rat 1-cell embryo culture medium (mR1ECM) [11] containing 110 mM NaCl and 4 mg/ml fatty acid-free BSA (Sigma-Aldrich Corp., St. Louis, MO, USA) instead of polyvinylalcohol (mR1ECM/BSA). The zygotes were microinjected with the exogenous DNA solution at a final concentration of 5 ng/µl (optimal for PNMI-Tg method [7] ) and cultured for 14 h in 100-µl microdrops of mR1ECM/BSA under mineral oil at 37°C in 5% CO 2 in air. The ICSI-Tg method for the production of transgenic rats was performed according to our previous reports by Kato et al. [8] and Hirabayashi et al. [5] . Cauda epididymal spermatozoa from fertile male rats (>10 weeks old) were suspended in mR1ECM, sonicated for 10 sec using a 10% power output from an ultrasonic cell disruptor (Sonifier250; Branson, Danbury, CT, USA), and then cryopreserved in liquid nitrogen until use. The sperm suspension (9 µl), thawed in a 25°C water bath, was mixed with exogenous DNA solution (1 µl), to give a final concentration of exogenous DNA of 0.1 ng/µl (optimal for ICSI-Tg method [5] ), and kept for 1 min at ambient temperature (23 ± 2°C). Cumulus-oocyte complexes were collected from the oviductal ampullae 14 to 17 h after hCG injection from juvenile female rats (4 to 5 weeks old) that were superovulated with 30 IU eCG and 30 IU hCG at an interval of 48 h. Using a piezo micromanipulator (PMM-150FU; Prime Tech, Co., Ibaraki, Japan), the DNA-bound sperm heads were injected into the oocytes freed from cumulus cells by 0.1% hyaluronidase (Sigma-Aldrich). The ICSI oocytes were cultured for 24 h in 100-µl microdrops of mR1ECM/BSA under mineral oil at 37°C in 5% CO 2 in air.
For both methods, morphologically normal zygotes at the 2-cell stage and non-degenerating 1-cell stage, harvested at 14 h post-DNA microinjection or 24 h post-ICSI, were transferred into the oviducts of recipient Wistar rats which had been previously mated with a vasectomized male rat. Embryo transfer to the pseudopregnant recipients was performed on the day that a vaginal plug was detected. Three weeks later, the pregnant recipients were allowed to deliver the offspring. The integration of exogenous DNA into rat offspring was determined by PCR analysis using genomic DNA extracted from their ear tissues and oligonucleotide primer sets suitably designed for the detection of each exogenous DNA.
Post-injection survival, initial cleavage and development into full-term of rat oocytes, as well as production efficiency of PCR-positive transgenic rats are summarized in Table 1 . As to survival rates assessed 6 h postinjection, pronuclear zygotes from SDR/Slc rats were found to be sensitive to DNA microinjection when compared with zygotes from other strains. On the other hand, the survival rate of SDR/Slc oocytes after ICSI was not different from those of the other groups. The SDR/Slc strain rats, spontaneously deficient of growth hormone, responded to the eCG-hCG regimen to produce 19.4 oocytes per donor, but this resulted in only a mean of 7.5 pronuclear zygotes per donor. Also, the yield of pronuclear zygotes in BN/Crlj (5.8 zygotes/donor) was lower than that of oocytes (12.8 oocytes/donor). A relatively wide variation of initial cleavage rates in both methods is explained in part by differences in genetic background of the host strains and/or interaction of the rat strain with type of exogenous DNA. Microinjected zygotes and ICSI oocytes from the inbred BN/Crjl strain seemed to develop slower than those from other strains.
The proportions of transferred embryos developing into full-term offspring were 13 and 15% in the PNMITg and ICSI-Tg methods, respectively. It is possible to speculate that the harmful effect of exogenous DNA introduced to zygotes and oocytes, respectively, by pronuclear microinjection and ICSI on post-implantation development was comparable, although the offspring rate following transfer of pronuclear zygotes injected with DNA solvent only was not investigated. Integration of exogenous DNA into the offspring genomes, as assessed by conventional PCR, indicates that the ICSI-Tg method compared to the PNMI-Tg method was slightly better for DNA codes B (1.3 vs 0.2%) and D (1.7 vs 0.5%), similar for DNA codes A (1.1 vs 0.9%), C (3.1 vs 2.4%) and F (0.2 vs 0%), and less effective for DNA code E (0.2 vs 2.2%). No significant difference between the ICSI-Tg and PNMI-Tg methods was found by a nonparametric paired t-test (P=0.22). The overall production efficiency per treated oocyte in the ICSI-Tg method (1.1%) was quite similar to that in the PNMI-Tg method (1.1%).
There are only a few reports concerning the direct comparison of transgenic mouse production between the PNMI-Tg and ICSI-Tg methods. Moreira et al. [10] reported that 250 kb YAC DNA was introduced by the ICSI-Tg method to mice at an overall efficiency of 3.3% (12 transgenic offspring / 367 injected oocytes), while the PNMI-Tg method using the same DNA resulted in poor efficiency of transgenic mouse production (0.05%; 1 transgenic offspring / 1,733 injected oocytes). However, only one of the 12 transgenic mice produced by the ICSI-Tg method had the full length of YAC DNA. In the present study, no significant benefit of the ICSI-Tg method, compared to the PNMI-Tg method, was found in the production of transgenic rats. We previously reported that EGFP DNA (3.0 kb) coated with or without RecA protein was introduced to rat genomes at efficiencies of 0.9-2.9% and 0-2.8% by the PNMI-Tg and ICSITg methods, respectively [6] . That experiment was conducted because coating of exogenous DNA with RecA protein was reported to improve the DNA transfer efficiency in pigs and sheep [9] . In our previous study [4] , pronuclear stage zygotes from young SD rats (5 to7 weeks old) were equally competent with those from adult rats (8 to12 weeks old) when the fusion gene of bovine aS1-casein gene promoter and human growth hormone gene (2.8 kb) was microinjected.
In conclusion, the overall production efficiency of transgenic rats per treated oocyte in the ICSI-Tg method was similar to that in the PNMI-Tg method. Nevertheless, the ICSI-Tg method in the production of transgenic rats would be superior in cases in which a low yield of pronuclear zygotes is an inevitable fate of the rat strain (inbred or mutant strain), or when preparation of sufficient amounts of exogenous DNA is difficult since the optimal DNA concentration used for the ICSI-Tg method in rats is 10-to 50-times lower than that for the PNMI-Tg method. Although the PNMI-Tg method is commonly used because of its well-developed technique and fewer equipment needs for micromanipulation, the ICSI-Tg method also has advantage in that it requires less space for animal care and a smaller number of donor animals. Space-and labor-saving is achieved since younger immature rats with higher responses to superovulation treatment can be used as oocyte donors and sperm cells can be stored in a refrigerator (maintenance of matured male rats for natural mating is not necessary). 
